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DYNAMIC STABILITY CHARACTERISTICS OF THE COMBINATION 

SPACE SHUTTLE ORBITER AND FERRY VEHICLE 

Delma C. Freeman, Jr., and Richmond P .  Boyden 
Langley Research Center 

SUMMARY 

Subsonic f o r c e d - o s c i l l a t i o n  tests of a 0.015-scale model of  t h e  combination 
space s h u t t l e  o r b i t e r  and f e r r y  v e h i c l e  were conducted i n  t he  Langley high-speed 
7- by 10-foot tunnel .  These tes ts  were made a t  Mach numbers of  0 .2 ,  0 .4 ,  and 
0.5 t o  measure t h e  p i t c h ,  yaw, and roll damping, the normal f o r c e  due t o  p i t c h  
rate, and the  c r o s s  d e r i v a t i v e s ,  namely, yawing moment due t o  roll rate and r o l l -  
i n g  moment due t o  yaw rate .  The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  showed t h a t  t h e  
model exh ib i t ed  large p o s i t i v e  damping i n  p i t c h ,  yaw, and r o l l  throughout t h e  
test  ranges of ang le  of attack and Mach number f o r  a l l  conf igu ra t ion  v a r i a b l e s  
t e s t e d .  

INTRODUCTION 

I n  support  of t h e  space s h u t t l e  development e f f o r t ,  t h e  Langley Research 
Center has sponsored a program t o  measure experimental ly  t h e  dynamic s t a b i l i t y  
c h a r a c t e r i s t i c s  of space s h u t t l e  v e h i c l e s .  The aerodynamic damping d e r i v a t i v e s  
have been determined f o r  t h e  o r b i t e r  a t  speeds ranging from subsonic  t o  hyper- 
s o n i c  (refs.  1 t o  3 ) ,  and f o r  the launch veh ic l e  from l i f t - o f f  t o  s t a g i n g  of  t h e  
s o l i d  rocke t  boos t e r s  ( r e f s .  4 and 5 ) .  A s  a cont inua t ion  of  t h i s  work, forced-  
o s c i l l a t i o n  dynamic-s tab i l i ty  tes ts  of  a 0.015-scale model o f  t h e  combination 
space s h u t t l e  o r b i t e r  and fe r ry  v e h i c l e  ' ( h e r e i n a f t e r  r e f e r r e d  t o .  as t h e  space 
s h u t t l e  o rb i t e r /747  f e r r y  v e h i c l e )  were made i n  t h e  Langley high-speed 7- by 
10 - foot  tunne 1. 

The space s h u t t l e  o rb i t e r /747  f e r r y  veh ic l e  has been developed as a p a r t  of 
the s h u t t l e  program t o  provide a t r a n s p o r t  for  t he  s h u t t l e  o r b i t e r  v e h i c l e .  The 
carrier a i rcraf t  was developed from a commercial Boeing 747 a i r p l a n e  and was mod- 
i f i e d  by t h e  a d d i t i o n  of both t i p  f i n s  t o  the  h o r i z o n t a l  t a i l  t o  augment t h e  
d i r e c t i o n a l  s t a b i l i t y  and f o r e  and a f t  support  s t r u t s  f o r  t h e  o r b i t e r .  I n  addi -  
t i o n  t o  t h e  f e r r y  miss ion ,  t h e  carrier a i r c r a f t  w i l l  a l s o  be used i n  t h e  o r b i t e r  
approach and landing  tes ts  (ALT conf igura t ion)  t o  c a r r y  t h e  o r b i t e r  t o  an a l t i -  
tude  of approximately 7000 m,  a t  which po in t  t he  o r b i t e r  w i l l  be separa ted  
f o r  a g l i d i n g  f l i g h t  t o  touchdown. 

I n  t h e  p re sen t  i n v e s t i g a t i o n ,  t e s t s  were made a t  Mach numbers o f  0 .2 ,  0 . 4 ,  
and 0.5 t o  measure the  p i t c h ,  yaw, and roll damping, t h e  normal f o r c e  due t o  
p i t c h  rate,  and the  c r o s s  d e r i v a t i v e s ,  namely, f o r  yawing moment due t o  r o l l  
rate and for r o l l i n g  moment due t o  yaw r a t e .  Tests were made of  t h e  b a s i c  747 
a i r p l a n e ,  of  t h e  modified 747 ( t i p  f i n s  and s t r u t s  added) ,  of  the  f e r r y  configu- 
r a t i o n  (747 p l u s  o r b i t e r  a t  an inc idence  angle  of 3O), and o f  the  approach and 



landing test conf igu ra t ion  (747 p l u s  o r b i t e r  a t  an inc idence  ang le  of 6 0 ) .  
add i t ion  of a t a i l - cone  f a i r i n g  t o  t he  o r b i t e r  base f o r  f e r r y i n g  and t h e  deploy- 
ment of t h e  747 wing s p o i l e r s  f o r  o r b i t e r  s e p a r a t i o n  i n  t h e  approach and landing  
tests were a l s o  i n v e s t i g a t e d .  

The 

SYMBOLS 

A l l  aerodynamic parameters presented  are referred t o  the  body axes  system 
except  f o r  the s t a t i c  l o n g i t u d i n a l  data which are r e f e r r e d  t o  t h e  s t a b i l i t y  axes  
system. (See f i g .  1 . )  The o r i g i n  of  t h e  axes  corresponded t o  t h e  center-of-  
g r a v i t y  p o s i t i o n  shown i n  f i g u r e  2 (xcg = 51.13 cm o r  0 . 2 5 5 E ) .  
parameters of t h e  b a s i c  747 were used as re fe rence  f o r  t h e  aerodynamic 
c o e f f i c i e n t s  . 

The dimensional  

b r e fe rence  span f o r  747, meters  

drag c o e f f i c i e n t ,  - F D  

qWs 

l i f t  c o e f f i c i e n t ,  - FL 
qWs 

CD 

C L  

C I  rolling-moment c o e f f i c i e n t ,  Ro l l ing  moment 
qwSb 

C I p  + C,b s i n  a damping-In-roll parameter ,  per  rad ian  

r o l l i n g  moment due t o  yaw-rate parameter, pe r  r ad ian  c+ - cli cos a 

If3 a6 
= -, ac, p e r  rad ian  C 

C per  radian 
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c COS a + k2Ci. e f f e c t i v e  d i h e d r a l  parameter, p e r  r a d i a n  

c 
18 r 

s i n  a - k2Ci6 r o l l i n g  moment due t o  roll-dksplacement parameter ,  p e r  
r a d i a n  8' 

Cm pitching-moment c o e f f i c i e n t ,  Pitching 
q$ 

= - 1  p e r  rad ian  
cmq 

- acm , per  r a d i a n  ms - 7- C 

Cmq + Cmk damping-in-pitch parameter,  p e r  r a d i a n  

Cma - k2Cm4 o s c i l l a t o r y  l o n g i t u d i n a l - s t a b i l i t y  parameter ,  p e r  r a d i a n  

normal-force c o e f f i c i e n t ,  Normal f o r c e  
-XF---- cN 

CNq - , p e r  r a d i a n  
a($) 

cNq + CN& normal f o r c e  due t o  p i t c h - r a t e  parameter ,  p e r  r a d i a n  

= a C N ,  per  r a d i a n  
K 

cNa - k2CN4 normal f o r c e  due t o  pitch-displacement parameter ,  p e r  r a d i a n  

Cn 
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- 3% - -  
a(%) cnP 

Crib = acn , per  r ad ian  

Cnp + C% s i n  a yawing moment due t o  r o l l - r a t e  parameter, per  r ad ian  

= -, a Cn per  r ad ian  ‘nr 

Cn; - - acn  , p e r  rad ian  

Cnr - C% COS a damping-in-yaw parameter ,  per  r ad ian  

= acn  -, p e r  r ad ian  
aB 

= , p e r  rad ian  
c% 

cos a + k 2 Cn+ o s c i l l a t o r y  d i r e c t i o n a l - s t a b i l i t y  parameter ,  p e r  r ad ian  c% 
C”B s i n  a - k2Cnb yawing moment due t o  ro l l -d isp lacement  parameter, per  r a d i a n  

CY s ide-f  orce  c o e f f i c i e n t  , Side force 
%os 

= 3, per  r ad ian  o r  per  degree 
cyB aB 
- 
C r e fe rence  chord f o r  747, meters 

FD drag f o r c e ,  newtons 

FL l i f t  f o r c e ,  newtons 

f frequency of o s c i l l a t i o n ,  h e r t z  

i inc idence  ang le ,  degrees  

k reduced-frequency parameter ,  WE/2V i n  p i t c h  and wb/2V i n  r o l l  and 
yaw, r ad ians  

M f ree-s t ream Mach number 
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p i t c h i n g  moment, newton-meters 

yawing moment, newton-meters 

angu la r  v e l o c i t y  of model about X-axis, r a d i a n s  p e r  second 

angular  v e l o c i t y  of model about Y-axis, r a d i a n s  pe r  second 

free-stream dynamic p r e s s u r e  , pasca l s  

Reynolds number, based on E of  747 

angular  v e l o c i t y  of model about Z-axis, r a d i a n s  per  second 

r e fe rence  area , meters2 

free-stream v e l o c i t y ,  meters p e r  second 

body system of axes 

s t a b i l i t y  system of axes 

c e n t e r  of  g r a v i t y  a long  X-axis 

c e n t e r  of g r a v i t y  a long  Z-axis 

a n g l e  of a t t a c k ,  degrees o r  r ad ians  

a n g l e  of  s i d e s l i p ,  radians 

s p o i l e r  d e f l e c t i o n ,  degrees  (numbers used as s u b s c r i p t s  d e p i c t  s p o i l e r  
segments 

angular  v e l o c i t y ,  2 r f ,  r a d i a n s  per second 

Sub s c r i p t  : 

0 o r  b i t e r  

A do t  over  a q u a n t i t y  i n d i c a t e s  a first d e r i v a t i v e  w i t h  r e s p e c t  t o  time. 

APPARATUS AND MODEL 

A three-view drawing of  t h e  0.015-scale model used i n  t h e  i n v e s t i g a t i o n  is 
p resen ted  i n  f i g u r e  2 ( a ) .  
mounted "piggybackll on the  747 c a r r i e r  veh ic l e .  The model was cons t ruc t ed  t o  
e n a b l e  tes ts  of  the  basic 747, t h e  modified 747 ( t i p  f i n s  and s t r u t s  added) ,  t h e  
f e r r y  mode ( o r b i t e r  inc idence  a n g l e  of 3 0 ) ,  and t h e  approach and landing  tes t  
mode ( o r b i t e r  inc idence  a n g l e  of 60) .  Other c o n f i g u r a t i o n  changes such as t h e  

The model cons is ted  of  the  space  s h u t t l e  o r b i t e r  

5 



fairing of the  t a i l  cone on the  o r b i t e r  base ( f i g .  2 ( b ) ) ,  t h e  i n s t a l l a t i o n  o f  
the rocket nozz le  ( f i g .  2 ( c ) ) ,  the f a i r i n g  of  suppor t  s t r u t s  ( f i g .  2 ( d ) ) ,  and 
deployment of t h e  747 w i n g  s p o i l e r s  t o  r e p r e s e n t  approach and landing  test  o r b i -  
ter  separa t ion  cond i t ions  ( f i g .  2 ( e ) )  were a l s o  dup l i ca t ed .  A drawing o f  the 
747 t i p  f i n s  is presented i n  f i g u r e  2 ( f ) .  

Axis 

I n  order  t o  accommodate the  support  s t i n g ,  t h e  base of  t he  747 was modified 
The modi f ica t ions  cons i s t ed  of  a fuse l age  c r o s s  as shown i n  f i g u r e s  2 ( g )  and 3.  

s e c t i o n  t h a t  is cons tan t  from a po in t  j u s t  a f t  of  t h e  wing-body junc tu re  t o  the  
end of  the model. The span and geometry of t h e  h o r i z o n t a l  t a i l  were maintained 
by removing area from the r o o t .  Although t h i s  modi f ica t ion  would be expected t o  
a l t e r  the aerodynamic and damping c h a r a c t e r i s t i c s  of  t h e  b a s i c  747, it should 
not  materially a f f e c t  the incremental  effect  of  t h e  o r b i t e r  on the o v e r a l l  
dynamic c h a r a c t e r i s t i c s  of  t h e  model; t h e r e f o r e ,  the  a d d i t i o n  of  t he  measured 
increments t o  t h e  damping e x t r a c t e d  from f l i g h t  tes ts  of  t h e  b a s i c  747 should 
g ive  the  c o r r e c t  damping va lues  f o r  t h e  f e r r y  and ALT v e h i c l e s .  

Amplitude, deg k ,  rad 

The f o r c e d - o s c i l l a t i o n  tests were made i n  t h e  Langley high-speed 7- by 
IO-foot tunnel .  The ope ra t ing  characterist ics of t h e  tunne l  are presented  i n  
re ference  6 .  
of  the  appara tus  and da ta- reduct ion  techniques  is presented i n  r e fe rence  2 .  

Photographs of  t he  model are presented  i n  f i g u r e  3. A d e s c r i p t i o n  

TESTS 

The fo rced -osc i l l a t ion  dynamic-s tab i l i ty  t es t s  were made t o  determine the  
C I p  + C I b  s i n  a; t he  p i t c h  

normal force due t o  p i t c h  rate 

ing  moment due t o  r o l l  rate 

r a t e  C I r  - C , i  cos  a. The va lues  of  t h e  nominal ampli tude of  t h e  o s c i l l a t i o n  

and of the range of t h e  reduced-frequency parameter k dur ing  the  tests were: 

Cmq + C m . ,  yaw Cnr - Crib cos a, and roll damping a 
+ C N . ;  and t h e  c r o s s  d e r i v a t i v e s ,  namely, yaw- cNq a 

Cnp + Crib s i n  a and t h e  r o l l i n g  moment due t o  yaw 

P i t c h  
Yaw 
Roll 

1 
1 
2 .5  

0.0058 t o  0.0190 
0.0064 t o  0.0159 
0.0109 t o  0.0195 

S t a t i c  fo rce  tests were made t o  determine t h e  s t a t i c  l o n g i t u d i n a l  and la t -  
eral  s t a b i l i t y  character is t ics  of  t he  model t o  a i d  i n  the  i n t e r p r e t a t i o n  of  t h e  
dynamic t e s t s  r e su l t s .  Both t h e  s t a t i c  and dynamic f o r c e  tests were made over  
an angle-of-attack range of approximately -4O t o  1 2 O .  The s ta t ic  la teral  s t a b i l -  
i t y  c h a r a c t e r i s t i c s  were determined from incrementa l  d i f f e r e n c e s  i n  Cn, C , ,  
and Cy measured over t h e  angle-of-at tack range a t  f i x e d  ang le s  of s i d e s l i p  of 
Oo and 2.5O. The t e s t  cond i t ions  were as fo l lows:  

6 



Mach number, 
M 

0 .2  
.4  
.5  

For a l l  t es t s ,  t r a n s i t i o n  i n  t he  form of s p a r s e l y  d i s t r i b u t e d  No. 80 carbo- 
rundum g r a i n s  was app l i ed  i n  bands 0.16 cm w i d e  l oca t ed  1 .5  c m  streamwise from 
t h e  l ead ing  edges of a l l  l i f t i n g  surfaces of both t h e  747 and o r b i t e r .  Similar 
bands were a p p l i e d  i n  r i n g s  3.05 cm a f t  of the nose of t h e  o r b i t e r  and t h e  747. 

Dynamic pressure ,  Reynolds number, 
L, P a  R 

2 758 0.56 x' I O 6  
10 165 1.06 
14 948 I .27 

The s t a t i c  f o r c e  data have been cor rec ted  f o r  s t i n g  bending and a l l  drag  
data are t o t a l  drag i n  t h a t  t he  base drag  has n o t  been subtracted o u t .  

A 

PRESENTATION OF RESULTS 

The c o n t e n t s  of t h e  f i g u r e s  presented i n  t h i s  paper a r e  as fol lows:  

F igure  
Effect of t i p  f i n s  and s t r u t s  on s ta t ic  long i tud ina l  

Effect of o r b i t e r  and o r b i t e r  inc idence  on s t a t i c  l o n g i t u d i n a l  

Effect of t i p  f i n s  and s t r u t s  on s t a t i c  l a t e r a l  character is t ics  . . . . .  
Effect of  o r b i t e r  and o r b i t e r  inc idence  on s t a t i c  l a te ra l  

Effect of  t i p  f i n s  and s t r u t s  on damping-in-pitch parameter and on 

Effect of  o r b i t e r  and o r b i t e r  inc idence  on damping-in-pitch 

Effect of  s t r u t  f a i r i n g s  on damping-in-pitch parameter and on 

Effect of  s p o i l e r  deployment on damping-in-pitch parameter and on 

Effect of  t a i l  cone on damping-in-pitch parameter and on 

Effect of  t i p  f i n s  and s t r u t s  on normal fo rce  due t o  pitch-rate 

Effect of  o r b i t e r  and o r b i t e r  inc idence .on  normal f o r c e  due t o  

c h a r a c t e r i s t i c s . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  4 

character is t ics  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 
6 

characterist ics . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 

o s c i l l a t o r y  s t a b i l i t y - i n - p i t c h  parameter . . . . . . . . . . . . . . .  8 

parameter and on o s c i l l a t o r y  s t a b i l i t y - i n - p i t c h  parameter . . . . . . .  9 

o s c i l l a t o r y  s t a b i l i t y - i n - p i t c h  parameter . . . . . . . . . . . . . . .  10 

o s c i l l a t o r y  s t a b i l i t y - i n - p i t c h  parameter . . . . . . . . . . . . . . .  11 

o s c i l l a t o r y  s t a b i l i t y - i n - p i t c h  parameter . . . . . . . . . . . . . . .  12 

parameter and normal f o r c e  due t o  pitch-displacement parameter . . . .  13 

p i t c h - r a t e  parameter and normal fo rce  due to  pi tch-displacement  

Effect of  s t r u t  f a i r i n g s  on normal fo rce  due t o  p i t c h - r a t e  parameter 

Effect of s p o i l e r  deployment on normal f o r c e  due t o  p i t c h - r a t e  

Effect of t a i l  cone on normal fo rce  due t o  p i t ch - ra t e  parameter and 

Effect of t i p  f i n s  and s t r u t s  on damping-in-yaw parameter and on 

parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  '14 

and normal f o r c e  due t o  pi tch-displacement  parameter . . . . . . . . .  15 

parameter and normal f o r c e  due t o  pitch-displacement parameter . . . .  16 

normal f o r c e  due t o  pi tch-displacement  parameter . . . . . . . . . . .  17 

o s c i l l a t o r y  d i r e c t i o n a l - s t a b i l i t y  parameter . . . . . . . . . . . . . .  18 
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Figure 
Effect of orbiter and orbiter incidence on damping-in-yaw parameter 
and on oscillatory directional-stability parameter . . . . . . . . . .  19 

Effect of spoiler deployment on damping-in-yaw parameter and 
oscillatory directional-stability parameter . . . . . . . . . . . . .  20 

Effect of tail cone on damping-in-yaw parameter and on oscillatory 
directional-stability parameter . . . . . . . . . . . . . . . . . . .  21 

Effect of tip fins and struts on rolling moment due to yaw-rate 
parameter and on effective dihedral parameter . . . . . . . . . . . .  22 

Effect of orbiter and orbiter incidence on rolling moment due to 
yaw-rate parameter and on effective dihedral parameter . . . . . . . .  23 

Effect of spoiler deployment on rolling moment due to yaw-rate 
parameter and on effective dihedral parameter . . . . . . . . . . . .  24 

Effect of tail cone on rolling moment due to yaw-rate parameter 
and on effective dihedral parameter . . . . . . . . . . . . . . . . .  25 

Effect of tip fins and struts on damping-in-roll parameter and on 
rolling moment due to roll-displacement parameter . . . . . . . . . .  26 

Effect of orbiter and orbiter incidence on damping-in-roll 
parameter and on rolling moment due to roll-displacement 
parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27 

rolling moment due to roll-displacement parameter . . . . . . . . . .  28 
moment due to roll-displacement parameter . . . . . . . . . . . . . .  29 

parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  30 

parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  31 

parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  32 

and on yawing moment due to roll-displacement parameter . . . . . . .  33 

Effect of spoiler deployment on damping-in-roll parameter and on 

Effect of tail cone on damping-in-roll parameter and on rolling 

Effect of tip fins and struts on yawing moment due to roll-rate 
parameter and on yawing moment due to roll-displacement 

Effect of orbiter and orbiter incidence on yawing moment due to 
roll-rate parameter and on yawing moment due to roll-displacement 

Effect of spoiler deployment on yawing moment due to roll-rate 
parameter and on yawing moment due to roll-displacement 

Effect of tail cone on yawing moment due to roll-rate parameter 

RESULTS AND DISCUSSION 

Static Longitudinal Stability 

The static-longitudinal-stability data for the model are presented in fig- 
ures 4 and 5. 
model that was used f o r  the dynamic tests, are presented to Verify and aid inter- 
pretation of the dynamic test results. The results of tests to determine the 
effects of the addition of the orbiter support struts and the tip fins to.the 
basic 747 are presented in figure 4. 
increased the static longitudinal stability; this indicated that the increased 
horizontal tail effectiveness due to the end-plating effects of the tip fins 
more than overpowered any strut drag effects on the model stability. 
in figure 5 are results of tests made to determine the effect of the orbiter and 
orbiter incidence on the static longitudinal characteristics of the modified 747 

These static data, which were obtained by utilizing the same 

Addition of the struts and tip fins 

Presented 
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( s t r u t s  and t i p  f i n s  added).  
s table  than the  747 a lone  a t  low ang les  of a t t a c k ,  t h e  i n s t a b i l i t y  of  the  747 
a lone  above an a n g l e  of a t tack of 80 was el iminated by the  a d d i t i o n  of  t h e  o rb i -  
ter. Inc reas ing  t h e  o r b i t e r  inc idence  ang le  t o  6O provided a p o s i t i v e  t r i m  
increment a t  a l l  ang le s  of  at tack and increased the  trim ang le  o f  at tack from 
3.50 t o  80. 

Although t h e  combination o r b i t e r  and 747 was less  

S t a t i c  Lateral S t a b i l i t y  

The s t a t i c - l a t e r a l - s t a b i l i t y  data are presented i n  f i g u r e s  6 and 7 .  The 
r e s u l t s  of  f i g u r e  6 show the  effect  of t i p  f i n s  and s t r u t s  on the  s t a t i c  l a t e ra l  
characterist ics of  the  basic 747 and ind ica t ed  t h a t ,  as expec ted ,  t he  a d d i t i o n  
o f  t h e  t i p  f i n s  r e s u l t e d  i n  an i n c r e a s e  i n  a t  low ang les  o f  a t tack because 

of t h e  increased  s ide area of t he  t i p  f i n s .  The f i n s  had very l i t t l e  effect  on 
GIB' 
inc idence  on the  s t a t i c  la teral  c h a r a c t e r i s t i c s  of  t he  modified 747. Adding the  
o r b i t e r  sh ie lded  t h e  747 v e r t i c a l  t a i l  and r e s u l t e d  i n  a large decrease i n  

a t  ang le s  of at tack below 4 O .  A s  the  ang le  of a t t a c k  inc reased  t o  5 O  o r  6O, t h e  
747 v e r t i c a l  t a i l  emerged from t h e  wake of the o r b i t e r  and d i r e c t i o n a l  s t a b i l i t y  
was e s s e n t i a l l y  r e s t o r e d  t o  the  l e v e l  of  t he  747 without  t he  o r b i t e r .  
change i n  the l e v e l  of is g e n e r a l l y  above the  c r u i s e  angle-of-at tack range 

( f o r  example, a t  M = 0.5 
ang le  of at tack is 4 . 5 O ) .  Resu l t s  of  f i g u r e  7 a l s o  i n d i c a t e  t h a t  the o r b i t e r  
i n s t a l l a t i o n  increased  t h e  l e v e l  of t he  e f f e c t i v e  d i h e d r a l  

C n B  

Resu l t s  presented i n  f i g u r e  7 show the  e f f e c t  of  t h e  o r b i t e r  and o r b i t e r  

c"B 

T h i s  

CnB 
f o r  t he  f e r r y  conf igura t ion  (io = 3 O )  t h e  c r u i s e  

P i t ch ing  O s c i l l a t i o n  Test Resu l t s  

The o s c i l l a t o r y - l o n g i t u d i n a l - s t a b i l i t y  parameters measured i n  t he  p i t c h i n g  
o s c i l l a t i o n  tes t s  a t  Mach numbers of  0 .2 ,  0 .4 ,  and 0.5 are presented  i n  f i g -  
u r e s  8 t o  17. 

out-of-phase w i t h  displacement parameter 

t o  12. 

s t a t i c  tests r e s u l t s  is  presented i n  f i g u r e  9 .  T h i s  comparison made f o r  t h e  
f e r r y  conf igu ra t ion  (io = 30) shows reasonable  agreement between the  s t a t i c  and 
f o r c e d - o s c i l l a t i o n  t e s t  r e s u l t s .  

The in-phase with displacement parameter Cw - k 2 C m i  and the  

+ Cmdr are presented  i n  f i g u r e s  8 

computed from the  
c"q 

A comparison of  t he  in-phase C- - k2Cmq w i t h  C,, 

I n  g e n e r a l ,  t h e  model exh ib i t ed  l a r g e  p o s i t i v e  p i t c h  damping (negat ive  V a l -  
ues  of Cmq + C&) .  

f i n s  and s t r u t s  t o  t h e  b a s i c  747 conf igura t ion .  These r e s u l t s  show s i g n i f i c a n t  
i n c r e a s e s  i n  the  damping of  t h e  747 due t o  these a d d i t i o n s .  
i n g  r e s u l t s  from increased  h o r i z o n t a l  t a i l  e f f ec t iveness  due t o  t h e  end-plat ing 

The data of  f i g u r e  8 show t h e  e f f e c t s  of adding the  t i p  

The increased  damp- 
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e f f e c t  of t h e  t i p  f i n s .  
a l l y  increased t h e  p i t c h  damping. (See f i g .  9 . )  

The a d d i t i o n  of t h e  o r b i t e r  t o  t h e  modified 747 gener- 

The e f f e c t  of s t r u t  f a i r i n g s  ( f i g .  2 ( d ) )  and s p o i l e r  deployment ( f i g .  2 ( e ) )  
is presented i n  f i g u r e s  10 and 1 1 ,  r e s p e c t i v e l y .  These conf igu ra t ion  changes 
had no s i g n i f i c a n t  o v e r a l l  e f f e c t  on t h e  l e v e l  of  t h e  p i t c h  damping. 

The r e s u l t s  of f i g u r e  12 show the  e f f e c t  of t h e  o r b i t e r  t a i l - cone  f a i r i n g  
( f i g .  2 (b ) )  on t h e  p i t c h  damping. Even though t h e  t a i l  cone increased  t h e  o r b i -  
ter  length by approximately 25 pe rcen t ,  it had e s s e n t i a l l y  no effect  on t h e  
p i t c h  damping of  t h e  f e r r y  conf igu ra t ion  because of t h e  very l a r g e  damping of 
the  747. 

The normal fo rce  due t o  p i t ch ing  v e l o c i t y  C N ~  + C N ~  and t h e  in-phase wi th  

displacement parameter CN, - k2CNq are presented i n  f i g u r e s  13 t o  17. These 

r e s u l t s  show C N ~  - k2CNq 

s i d e r a b l e  scatter is seen i n  

dary parameters is more d i f f i c u l t ,  as o in t ed  ou t  i n  r e fe rence  2 .  The compari- 

is p o s i t i v e  and dec reases  wi th  ang le  of  a t t a c k .  Con- 

C N ~  + C N ~  because t h e  measurement o f  t h e  secon- 

a son of t h e  in-phase parameter C b  - k 8 C N ~  wi th  CN determined from t h e  

s t a t i c  data  presented i n  f i g u r e  I 4  shows good agreement. 

Yawing O s c i l l a t i o n  Tests 

The o s c i l l a t o r y - s t a b i l i t y  parameters  measured i n  t h e  yawing o s c i l l a t i o n  
tests a re  presented i n  f i g u r e s  18 t o  25. The in-phase wi th  displacement  
parameter C cos  a + k2Cnb and out-of-phase wi th  displacement  parameter 

Cnr - C n i  cos a 

p o s i t i v e  damping i n  yaw negat ive  va lues  of  Cnr - C$ cos  a) throughout  t h e  

tes t  ranges of ang le  of a t t a c k  and Mach number. 
ing the  t i p  f i n s  and s t r u t s  t o  t h e  basic 747 are presented  i n  f i g u r e  18. 
r e s u l t s  show a s i g n i f i c a n t  i nc rease  i n  t h e  yaw damping due t o  t h e  increased  s i d e  
area of the t i p  f i n s  a f t  of  t h e  c e n t e r  of  r o t a t i o n .  
and o r b i t e r  incidence on t h e  yaw damping 

and da ta  showing a comparison of  t h e  in-phase parameter 

Cq cos a 

appears to  be good agreement between t h e  s t a t i c  and dynamic test  r e s u l t s .  
add i t ion  of t he  o r b i t e r  t o  t h e  modified 747 had no adverse  e f f e c t s  on t h e  vehi-  
c le  damping al though t h e  o r b i t e r  i n s t a l l a t i o n  s l i g h t l y  increased  t h e  damping of 
both the  f e r r y  and ALT v e h i c l e .  The l a r g e  decrease  i n  

"B 
r e s u l t s  are included i n  f i g u r e s  18 t o  21. The model had l a r g e  

( 
Data showing t h e  r e s u l t s  of add- 

These 

The e f f e c t  of t h e  o r b i t e r  
of t h e  modified 747 

2 

There 

cnr  - c% cos a 
COS a + k Cn; and c% 

computed from t h e  s t a t i c  test  are presented  i n  f i g u r e  19.  

The 

due t o  t h e  b lanket -  c"B 
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i ng  of t he  747 v e r t i c a l  t a i l  by t h e  o r b i t e r  seen i n  the  s t a t i c  data ( f i g .  7 )  
a l s o  is  seen i n  the  in-phase parameter.  Deploying t h e  s p o i l e r s  ( f i g .  20) and 
adding t h e  t a i l  cone ( f i g .  21) had no adverse e f f e c t s  on t h e  combined v e h i c l e  
damping. 

The r o l l i n g  moment due t o  yawing ve loc i ty  C I r  - C 1 i  cos  a i s  presented i n  

f i g u r e s  22 t o  26. A comparison of t h e  in-phase parameter C cos  a + k2C,+ 

w i t h  C cos a computed from the  s t a t i c  data  ( f i g .  23) shows the  s t a t i c  da ta  

t o  have the same t r ends  w i t h  ang le  of  a t t ack  and approximately the  same l e v e l  as 
the  in-phase parameter. The measured value of  C, - C I b  cos  a is  p o s i t i v e  a t  

zero ang le  of attack and i n c r e a s e s  w i t h  angle of  a t t a c k .  Configurat ion changes 
have l i t t l e  e f f e c t  on the parameter. 

I B  

I B  

r 

Rol l ing  O s c i l l a t i o n  Tests 

The o s c i l l a t o r y - s t a b i l i t y  parameters  measured i n  t he  r o l l i n g  o s c i l l a t i o n  
tes ts  are presented i n  f i g u r e s  26 t o  33. The in-phase w i t h  displacement 
parameter C s i n  a - k2C,; and out-of-phase w i t h  displacement parameter 'B 

+ C , i  s i n  a are presented i n  f i g u r e s  26 t o  29. Data showing the  e f f e c t  of 

o r b i t e r  and o r b i t e r  inc idence  on t h e  r o l l  damping o f  t h e  basic 747 a long  w i t h  a 
s i n  a computed from t h e  s t a t i c  comparison of 

tes ts  ( f i g .  27) i n d i c a t e  good agreement between t h e  s t a t i c  and dynamic test  
r e s u l t s .  
C I p  + C I b  s i n  a) throughout t h e  test ranges of  ang le  of  attack and Mach number. 

Except f o r  the  s p o i l e r  deployment a t  high angles  of at tack ( f i g .  281, t h e  r o l l  
damping of  t he  f e r r y  and ALT conf igu ra t ion  was i n s e n s i t i v e  t o  the  conf igu ra t ion  
changes tes ted.  The r e s u l t s  of f i g u r e  28 show tha t ,  a t  t h e  h igher  t e s t  a n g l e s  
of a t tack,  the  deployment of the  s p o i l e r  did i n c r e a s e  the r o l l  damping. Th i s  
increased  damping is probably caused by the formation o f  reg ions  of separated 
flow on the  w i n g  which lags the  model motion and t h e r e f o r e  i n c r e a s e s  t h e  damping 
c o n t r i b u t i o n  of the wing. 

c1 P 

s i n  a - k2C,; wi th  C c, B 

The model exh ib i t ed  large p o s i t i v e  r o l l  damping (negat ive  va lues  of 

The yawing moment due t o  r o l l i n g  ve loc i ty  

i n  the  r o l l  tes ts  are presented i n  f i g u r e s  30 t o  33. 
which p r e s e n t s  t he  e f fec t  of t h e  o r b i t e r  and o r b i t e r  inc idence  on the  yawing 
moment due t o  r o l l i n g  v e l o c i t y ,  show t h a t  t h e  a d d i t i o n  of  t he  o r b i t e r  t o  t h e  mod- 
i f i e d  747 r e s u l t e d  i n  a negat ive  increment i n  

i n  f i g u r e  31 is a comparison of 

from the s ta t ic  data. 
and dynamic test  r e s u l t s .  

Cnp + C. t j  s i n  a data measured 

The r e s u l t s  of  f i g u r e  31,  

Cnp + C+ s i n  a. Also presented  

s i n  a - k2Cnb wi th  C s i n  a computed c"B "g 

These comparisons show good agreement between the  s t a t i c  
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1 SUMMARY OF RESULTS 

An i n v e s t i g a t i o n  has been conducted t o  determine the subsonic  dynamic sta- 

The r e s u l t s  of  t h i s  i n v e s t i g a t i o n  may be summarized 
b i l i t y  c h a r a c t e r i s t i c s  o f  a 0.015-scale model of  t he  combination space s h u t t l e  
o r b i t e r  and f e r r y  veh ic l e .  
as follows: 

1 .  The model exhib i ted  large p o s i t i v e  damping i n  p i t c h ,  yaw, and r o l l  
throughout t h e  test ranges o f  ang le  o f  at tack and Mach number f o r  a l l  configura-  
t i o n  v a r i a t i o n s .  

2. There was g e n e r a l l y  good agreement of  the  in-phase dynamic parameters  
w i t h  t he  corresponding s t a t i c  data. 

3 .  Addition of t h e  o r b i t e r  t o  the  modified 747 had no adverse  effects  on 
t h e  damping over  t h e  t e s t  ranges of ang le  of  at tack and Mach number. 

4. Addition of t he  o r b i t e r  t o  t h e  modified 747 sh ie lded  t h e  747 v e r t i c a l  
t a i l  and s i g n i f i c a n t l y  reduced the  d i r e c t i o n a l  s t a b i l i t y  of t h e  f e r r y  and ALT 
conf igu ra t ion  a t  angles  of  a t tack  below 40.  

Langley Research Center 
Nat iona l  Aeronautics and Space Adminis t ra t ion 
Hampton, VA 23665 
February 28, 1977 
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Figure 1.-  System of  axes  used i n  i n v e s t i g a t i o n .  Arrows i n d i c a t e  p o s i t i v e  
d i r e c t i o n  of moments, f o r c e s ,  and ang le s .  
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Top view 

center l i n e  

Side view 

Model center l i n e  

( c >  Orb i t e r  base w i t h  nozzles  i n s t a l l e d .  

F igu re  2 .  - Continued. 
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( e >  Details of 747 s p o i l e r  deployment during o r b i t e r  s epa ra t ion .  

Figure 2.- Continued. 
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4.71, + f-1.21 

( f )  Details of  t i p  f i n s .  

F igure  2.- Continued. 
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(g> Comparison of wind- tunne l  model w i t h  b a s i c  747. 

F i g u r e  2 .  - Concluded. 
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Figure  4.-  Effect of t i p  f i n s  and s t r u t s  on s t a t i c  l o n g i t u d i n a l  
character is t ics  of  basic 747. Fa i r ed  s t r u t s .  
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Figure  5.- Effect of o r b i t e r  and o r b i t e r  i nc idence  on s t a t i c  l o n g i t u d i n a l  
characterist ics of  modified 747. Fa i r ed  s t r u t s ;  t a i l  cone on. 
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( b )  M = 0 . 4 .  

F igu re  5.- Continued. 
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Figure 8.- Effect of tip fins and struts on damping-in-pitch parameter and 
on oscillatory stability-in-pitch parameter of basic 747. Faired struts. 
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F igu re  8.- Concluded. 
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Figure  9.- Effect of o r b i t e r  and o r b i t e r  incidence on damping-in-pitch pa<ameter 
and on o s c i l l a t o r y  s t a b i l i t y - i n - p i t c h  parameter of modified 747. 
s t r u t s ;  t a i l  cone on. 

Fa i red  
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Figure 9.- Continued. 
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F igure  9 .- Concluded. 

41 



Cmq ' Cm6. 
per radian 

2 
C m a - k  C q ,  
per radian 

+ 
I 

-I- 
d 10 

Figure 10.- Effect of strut fairings on damping-in-pitch parameter and 
on oscillatory stability-in-pitch parameter of ferry configuration. 
io = 30;  tail cone on. 
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Figure  10. - Continued. 
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Figure  10.- Concluded. 
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Figure 11.- Effect of spoiler deployment on damping-in-pitch parameter 
and on oscillatory stability-in-pitch parameter of ALT configuration. 
io = 6 0 ;  faired struts; tail cone on. 
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Figure 11.- Continued. 
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Figure  12.- Effect of t a i l  cone on damping-in-pitch parameter .and on o s c i l l a t o r y  
s t a b i l i t y - i n - p i t c h  parameter of  ALT conf igu ra t ion .  io = 6 0 ;  fa i red s t r u t s .  
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Figure 12.- Continued. 
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Figure 12.- Concluded. 
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F igu re  13.- Effect of t i p  f i n s  and s t r u t s  on normal f o r c e  due t o  p i t c h - r a t e  
parameter and normal f o r c e  due t o  pitch-displacement parameter of basic 
747. Fa i red  s t r u t s .  
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(b) M = 0.4. 

Figure  13.- Continued. 
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Figure 13.- Concluded. 
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( a )  M = 0.2 .  

F igure  14.- E f fec t  of  o r b i t e r  and o r b i t e r  inc idence  on normal f o r c e  due t o  
p i t c h - r a t e  parameter and normal f o r c e  due t o  pi tch-displacement  parameter  
of modified 747. Fa i r ed  s t r u t s ;  t a i l  cone on. 
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Figure  14.- Continued. 
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F i g u r e  14.-  Conc luded .  
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( a>  M = 0.2.  

F igure  15.- E f f e c t  of s t r u t  f a i r i n g s  on normal f o r c e  due t o  pitch-rate parameter 
and normal fo rce  due t o  pitch-displacement parameter of f e r r y  conf igu ra t ion .  
io = 3 0 ;  t a i l  cone on. 
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F i g u r e  15.- Continued. 
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F i g u r e  15.- Concluded.  

59 



cNq + CNCI 2o 
Per radian 

-20 O F  
5.0 E- 

0 
per radian 

-6 -4 -2 0 2 4 6 a 10 12 14 

(a) M = 0.2. 

Figure 16.- Effect of spoiler deployment on normal force due to pitch-rate 
parameter and normal force due to pitch-displacement parameter of ALT 
configuration. io = 60; faired struts; tail cone on. . 
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Figure  16.- Continued. 
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Figure 16.- Concluded. 
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F igure  17.- E f f e c t  of t a i l  cone on normal f o r c e  due t o  p i t c h - r a t e  parameter 
and normal f o r c e  due t o  pitch-displacement parameter of ALT conf igu ra t ion .  
io 60; f a i r e d  s t r u t s .  
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Figure 17.- Continued. 
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F i g u r e  17. - Concluded. 
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Figure 18.- Continued. 
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(a) M = 0.2. 

Figure 19.- Effect of orbiter and orbiter incidence on damping-in-yaw parameter 
and on oscillatory directional-stability parameter of modified 747. 
struts; tail cone on. 
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Figure 19.- Continued. 
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F i g u r e  19.- Concluded. 
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(a) M = 0.2. 

Figure 20.- Effect of spoiler deployment on damping-in-yaw parameter and 
oscillatory directional-stability parameter of ALT configuration. 
io = 60; unfaired struts; tail cone on. 
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F igure  20 .- Continued. 
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Figure 20. - Concluded. 
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Figure 21.- Effect of tail cone on damping-in-yaw parameter and on oscillatory 
directional-stability parameter of ALT configuration. 
struts. 

io = 60; unfaired 
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Figure 21.- Continued. 
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( c )  M = 0.5. 

Figure 21.- Concluded. 
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Figure 22.- Effect of t i p  f i n s  and s t r u t s  on r o l l i n g  moment due t o  yaw-rate 
parameter and on e f f e c t i v e  d i h e d r a l  parameter  of basic 747. 
s t r u t s .  
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F igure  22.- Continued. 
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F i g u r e  22.- Concluded .  
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( a )  M = 0.2.  

F igu re  23.- Effect of o r b i t e r  and orb i te r  inc idence  on r o l l i n g  moment due t o  
yaw-rate parameter and on e f f e c t i v e  d ihedra l  parameter o f  modified 747. 
Unfaired s t r u t s ;  t a i l  cone on. 
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Figure 23.- Continued. 
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Figure  23.- Concluded. 
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(a)  M = 0.2.  

Figure 24.- E f f e c t  of s p o i l e r  deployment on r o l l i n g  moment.due t o  yaw-rate 
parameter and on e f f e c t i v e  d i h e d r a l  parameter of ALT conf igu ra t ion .  
io = 6 0 ;  unfa i red  s t r u t s ;  t a i l  cone on. 
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Figure 24.- Continued. 
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(c) M = 0.5. 

Figure 24.- Concluded. 
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F igure  25.- Effect of  t a i l  cone on r o l l i n g  moment due t o  yaw-rate parameter 
and e f f e c t i v e  d i h e d r a l  parameter of  ALT conf igu ra t ion .  
s t r u t s .  

io = 60; unfa i r ed  
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Figure  25.- Continued. 
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Figure 25.- Concluded. 
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Figure 26.- Effect of tip fins and struts on damping-in-roll parameter and 
on rolling moment due to roll-displacement parameter of basic 747. 
Unfaired struts. 
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Figure  26.- Continued. 
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Figure 26.- Concluded. 
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Figure 27.- Effect of orbiter and orbiter incidence on damping-in-roll parameter 
and on rolling moment due to roll-displacement parameter of modified 747. 
Unfaired struts; tail cone on. 
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Figure 27.- Continued. 
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Figure 27.- Concluded. 
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Figure 28.- Effect of spoiler deployment on damping-in-roll parameter and on 
rolling moment due to roll-displacement parameter of ALT configuration.. 
io = 60; unfaired struts; tail cone on. 
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Figure  28.- Continued. 
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F igu re  28.- Concluded. 
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Figure 29.- Effect of tail cone on damping-in-roll parameter and on rolling 
moment due to roll-displacement parameter of ALT configuration. 
unfaired struts. 

io = 60; 
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Figure 29.- Continued. 
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Figure 29.- Concluded. 
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Figure 30.- E f f e c t  of t i p  f i n s  and s t r u t s  on yawing moment due t o  r o l l - r a t e  
parameter and on yawing moment due t o  ro l l -d isp lacement  parameter Of 
ba s i c  747. Unfaired s t r u t s .  
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Figure 30. - Continued. 
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F igu re  30.- Concluded. 
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F igu re  31.- Effect o f  o r b i t e r  and o r b i t e r  incidence on yawing moment due t o  
r o l l - r a t e  parameter and on yawing moment due t o  ro l l -d isp lacement  param- 
eter of modified 747. Unfaired s t r u t s ;  t a i l  cone on. 
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F igu re  31.- Continued. 
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Figure  31.- Concluded. 
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Figure 32.- Effect of s p o i l e r  deployment on yawing moment due t o  r o l l - r a t e  
parameter and on yawing moment due t o  ro l l -d isp lacement  parameter of 
ALT conf igu ra t ion .  io 6 0 ;  unfa i r ed  s t r u t s ;  t a i l  cone on. 
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Figure 32.- Continued. 
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Figure 32.- Concluded. 
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F igure  33. -  E f f e c t  of t a i l  cone on yawing moment due t o  r o l l - r a t e  parameter 
and on yawing moment due t o  rol l -displacement  parameter of  ALT configu- 
r a t i o n .  'io = 60; unfa i r ed  s t r u t s .  
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Figure 33.- Continued. 
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F igure  33.- Concluded. 


